The effects of maternal nutrition on offspring wool production (quality and quantity) were evaluated. Primiparous Rambouillet ewes (n = 84) were randomly allocated to 1 of 6 treatments in a 2 × 3 factorial design. Selenium treatment [adequate Se (ASe, 9.5 μg/kg of BW) vs. high Se (HSe, 81.8 μg/kg of BW)] was initiated at breeding, and maternal nutritional intake [control (CON, 100% of requirements) vs. restricted (60% of CON) vs. overfed (140% of CON)] was initiated at d 50 of gestation. Lamb birth weight was recorded at delivery, and all lambs were placed on the same diet immediately after birth to determine the effects of prenatal nutrition on postnatal wool production and follicle development. At 180 ± 2.2 d of age, lambs were necropsied and pelt weights were recorded. Wool samples were collected from the side and britch areas, whereas skin samples were collected from the side of each lamb only. Although Se status did not influence side staple length in males, female lambs born from ewes on the ASe treatment had a shorter staple length (P < 0.05) when compared with females from ewes on the HSe treatment. Maternal nutritional intake and Se status did not influence (P ≥ 0.23) wool characteristics on the britch. However, at the britch, wool from female lambs had a reduced comfort factor (P = 0.01) and a greater (P = 0.02) fiber diameter compared with wool from male lambs. Maternal Se supplementation, maternal nutritional plane, sex of the offspring, or their interactions had no effect (P > 0.13) on primary (29.10 ± 1.40/100 μm 2 ) and secondary (529.84 ± 21.57/100 μm 2 ) wool follicle numbers. Lambs from ASe ewes had a greater (P = 0.03) secondary:primary wool follicle ratio compared with lambs from HSe ewes (20.93 vs. 18.01 ± 1.00). Despite similar postnatal diets, wool quality was affected by maternal Se status and the maternal nutritional plane.
INTRODUCTION
Annual wool production in the United States has decreased by almost 20 million kilograms since the expiration of the National Wool Act in 1993 (National Agricultural Statistics Service, 2008). However, there has been a recent increase in US wool exports (2.7 × 10 6 kg in 2000 to >7.6 × 10 6 kg in 2007; Meyer et al., 2008) , which was associated with a 2.7-fold increase in greasy wool prices ($0.73/kg in 2000 to $1.94/kg in 2007; Meyer et al., 2008) . The value of wool is largely determined by wool fiber diameter (Barkley, 2009) , with wool fibers <18.6 μm in diameter being more valuable than fibers of coarser wool (Farm Service Agency, 2009) .
One factor that influences wool fiber production (quantity and quality) in sheep is the density and ratio of secondary to primary wool follicles (Butler, 1982) . Primary wool follicles appear and complete development during mid to late pregnancy, whereas secondary wool follicles appear during late gestation, with the maximum rate of maturation occurring 1 to 3 wk after birth (Short, 1955; Hardy and Lyne, 1956) . Because development of wool follicles occurs during fetal life, maternal nutrition can affect wool follicles and wool production of the offspring (Narayan, 1960; Schinckel and Short, 1961; Lyne, 1964) . The length of maternal nutrient restriction can either enhance (Everitt, 1967) or decrease (Kelly et al., 1996) wool production of the offspring. Although Se supplementation to growing lambs has been shown to increase fleece weight (Gabbedy, 1971) , it is unknown how Se supplementation to pregnant ewes might influence wool qualities.
It was our hypothesis that maternal Se supplementation and nutritional plane would affect the wool quality and quantity of the offspring. The specific objectives were to determine how supranutritional amounts of Se, with differing nutritional intake, affect wool characteristics and follicle numbers.
MATERIALS AND METHODS
Animal care and use was approved by the Institutional Animal Care and Use Committees at North Dakota State University (NDSU), Fargo, and the USDA-ARS US Sheep Experiment Station, Dubois, ID.
Animals and Diets
A full description of the breeding and feeding programs has been published previously (Swanson et al., 2008; Neville et al., 2010) . Briefly, at the US Sheep Experiment Station, 160 Rambouillet ewe lambs (age = 240 ± 17 d) were stratified by BW and randomly assigned to 1 of 2 pens, and Se treatments were randomly assigned to pens. Treatments were adequate Se (ASe; 9.5 μg/kg of BW) vs. high Se [HSe; 81.8 μg/ kg of BW from Se-enriched yeast (Diamond V, Cedar Rapids, IA)], and were delivered in pellet form as a daily top dressing (100 g/ewe). During breeding through pregnancy diagnosis (approximately 33 d postbreeding), ewes were fed (2.04 kg/ewe daily) a diet consisting of 47% alfalfa hay, 20% corn, 20% sugar beet pulp pellets, 8% malt barley straw, and 5% concentrated separator by-product (DM basis; Swanson et al., 2008) . Eighty-two pregnant ewes (n = 40 and 42 from the ASe and HSe treatment groups, respectively) were shipped (1,544 km; approximately 14 h) to the Animal Nutrition and Physiology Center at NDSU for the remainder of the experiment.
Upon arrival at NDSU, ewes were individually housed in 0.91 × 1.2 m pens in a temperature-controlled (12 to 21°C), ventilated facility for the duration of the study. Lighting within the facility was timed to mimic daylight patterns. Ewes remained on their Se treatments as described previously (Swanson et al., 2008; Neville et al., 2010) . On d 50 of gestation, ewes were assigned randomly to 1 of 3 nutritional intake amounts: 60% (RES), 100% (CON), or 140% (OVR) of the NRC (1985) requirements, resulting in a randomized design with a 2 × 3 factorial arrangement of treatments [ASe-RES (n = 14); ASe-CON (n = 13); ASe-OVR (n = 13); HSe-RES (n = 14); HSe-CON (n = 14); HSe-OVR (n = 14)]. All diets were individually fed once daily in a complete pelleted form consisting of 36% beet pulp, 22% alfalfa meal, 16% ground corn, 18% soybean hulls, and 5 to 7% soybean meal (0.48 cm in diameter; Swanson et al., 2008) . The soybean meal was reduced to 5% in the high-Se pellet to accommodate the addition of 2% Se-enriched yeast (Diamond V; Swanson et al., 2008; Neville et al., 2010) . Ewes had free access to water and a trace mineralized salt block (containing no added Se; Roto Salt Company, Penn Yan, NY). Nutrient requirements were based on NRC (1985) recommendations for 60-kg-BW pregnant ewe lambs during mid to late gestation (ADG of 140 g/d). Intake of the respective diets was calculated based on BW, ME requirements, and supplement ME and Se concentrations, as described previously . Body weight was measured every 14 d, and the diets were adjusted accordingly.
Parturition and Postnatal Procedures
All births were allowed to occur spontaneously and were observed so that lambs could be immediately removed from their dams. Postnatal procedures have been published previously . Briefly, at birth, lambs were given artificial colostrum for the first 20 h, after which the lambs were fed milk replacer (Super Lamb Milk Replacer, Merrick's Inc., Middleton, WI) and adapted to a teat bucket system with access to fresh alfalfa leaves, creep feed, and water. From 24 h postpartum to weaning, lambs were allowed access to milk replacer and feed ad libitum. Lambs were weaned to a totally pelleted grower diet at 57 ± 3.8 d of age and transitioned to a finisher diet at 116 ± 3.9 d of age . Male lambs were castrated and all lambs were tail docked at 7 d of age. All lambs were reared similarly in a temperature-controlled (21°C), ventilated facility for the duration of the study. Lighting within the facility was automatically timed to mimic daylight patterns.
At 180 d of age, lambs were slaughtered at the NDSU Meat Laboratory, Fargo. Lambs were stunned by captive bolt (Supercash Mark 2, Acceles and Shelvoke Ltd., Birmingham, UK) and exsanguinated , and pelts were removed by fisting. Pelts were weighed. Wool samples (10 × 10 cm) were removed from the pelt at the britch and between the 10th and 12th rib in the center of the body (side). A skin sample was taken from the side, placed into histology cassettes (Sakura Finetek USA Inc., Torrance, CA), and immersion fixed in Carnoy's fixative (70% ethanol, 30% acetic acid, 10% chloroform).
Wool Characteristics and Histologic Analysis of Wool Follicles
Wool samples were sent to Yocom-McColl Testing Laboratories Inc. (Denver, CO) for analyses with an Optical Fiber Diameter Analyzer (OFDA 100, BSC Electronics Pty Ltd., Ardross, Western Australia), which included analyses for mean fiber diameter, fiber diameter SD, CV of fiber diameter, staple length, mean curvature, curvature SD, and comfort factor (percentage of fibers that are <30 μm) for the britch and side samples. After fixation for 24 h, skin samples were further dehydrated in a series of increasing percentages of ethanol solutions and embedded in paraffin wax. Tissues were sectioned (4 μm thick), stained with periodic acid-Schiff reagent, and counterstained with hematoxylin. Photomicrographs of skin were taken with 400× magnification by using a Nikon Eclipse E800 microscope (Nikon Instruments Inc., Melville, NY). Five images were randomly taken throughout the tissue section for each lamb and were analyzed for the number of primary and secondary wool follicles per 100 μm 2 as described by Maddocks and Jackson (1988) , using the Image-Pro Plus image analysis software package (Image-Pro Plus, Media Cybernetics, Houston, TX). The secondary:primary follicle ratio was calculated by dividing the number of secondary follicles per 100 μm 2 by the number of primary follicles per 100 μm 2 .
Statistical Analysis
The experimental design for this study was a completely randomized design with a 2 × 3 factorial arrangement of treatments. Ewes were individually penned, with treatment imposed during gestation; therefore, the ewe served as the experimental unit. There was some lamb death loss during the study, and lamb numbers per treatment on d 180 included 12 (ASe-RES), 12 (ASe-CON), 8 (ASe-OVR), 17 (HSe-RES), 14 (HSe-CON), and 10 (HSe-OVR). Data were analyzed using GLM procedures (SAS Inst. Inc., Cary, NC). The model contained effects for amount of Se (ASe and HSe), nutrition (RES, CON, and OVR), sex of the offspring, and all interactions. If an interaction was P > 0.20, it was removed from the model unless it was of interest (i.e., Se × nutrition interaction). Because ewes carried both singletons (n = 66) and twins (n = 7 sets), litter size was used as a covariate in the model and was retained when significant (P < 0.15). Means were separated by LSD. Least squares means and differences are presented and discussed. Main effects and interactions were considered significant when P ≤ 0.05.
RESULTS
Birth weight and growth performance of the lambs have been reported previously . No effect (P ≥ 0.11) of maternal Se supplementation, maternal nutritional plane, sex of the offspring, or their interactions was observed on offspring pelt weight (6.88 ± 0.12 kg).
No effect (P ≥ 0.07) of maternal Se supplementation, maternal nutritional plane, sex of the offspring, or their interactions was observed on mean fiber diameter (23.53 ± 0.16 μm), fiber diameter SD (4.50 ± 0.07 μm), fiber diameter CV (19.18 ± 0.30%), curvature (100.08 ± 1.38°/mm), curvature SD (60.25 ± 0.70°/mm), or comfort factor (93.3 ± 0.06; Table 1) of the lamb wool collected from the side of the animal. An interaction (P = 0.03) was found between maternal Se supplementation and sex of the lambs on side staple length at 180 d of age (Figure 1 ). Although Se status did not influence side staple length in males, female lambs born from ewes in the ASe treatment had a shorter (P < 0.05) staple length than females from ewes on the HSe treatment (Figure 1) .
Maternal nutritional intake and Se status did not influence (P ≥ 0.23) wool characteristics on the britch, including staple length (6.19 ± 0.10 cm) and curvature (83.52 ± 1.26°/mm). Moreover, no effect (P > 0.15) of maternal nutritional intake, Se status, sex of the offspring, or their interactions was observed on fiber diameter SD (5.41 ± 0.12), fiber diameter CV (21.32 ± 0.43%), or curvature SD (53.28 ± 0.69°/mm). However, at the britch, sex of the offspring influenced the fiber comfort factor and mean fiber diameter of offspring at 180 d of age (Table 1) . At the britch, the wool of female lambs had a reduced comfort factor (P = 0.01) and a greater (P = 0.02) fiber diameter compared with that from male lambs (Table 1) .
No effect (P > 0.13) of maternal Se supplementation, maternal nutritional plane, sex of the offspring, or their interactions was observed for primary (29.10 ± 1.40 / 100 μm 2 ) and secondary (529.84 ± 21.57 / 100 μm 2 ) wool follicle numbers. Although maternal nutritional plane, sex of the offspring, and their interaction, as well as the interaction between maternal Se supplementation and sex of the offspring, did not affect (P > 0.10) the secondary:primary ratio, a main effect of maternal Se supplementation was observed, with lambs from ASe ewes having a greater (P = 0.03) secondary:primary wool follicle ratio compared with lambs from HSe ewes (20.93 vs. 18.01 ± 1.00).
DISCUSSION
Our data supported our hypothesis that maternal Se supplementation and nutritional plane influence quality measures, but not the pelt weight of their offspring. Sex of the offspring also influenced quality measures of the wool. Moreover, only maternal Se status affected the secondary:primary wool follicle ratio, which is novel information. The proper balance between adequate maternal nutrition and fetal wool follicle development may seem intuitive, but Papadopoulos and Robinson (1957) reported that the level of prenatal nutrition needed for maximum wool growth may result in overconditioning of the ewe, resulting in increased fetal loss during pregnancy and dystocia. In contrast, a reduced plane of maternal nutrition during pregnancy may satisfy the demands of the developing fetus and placenta, maintain adequate BW of the ewe, and reduce lambing complications, but may not optimize wool follicle development.
Our data support the theory that restricted ewes give birth to lambs that will have finer wool (or less coarse wool) compared with adequately fed ewes. We have previously reported that lambs from both RES and OVR ewes had a reduced birth weight compared with CON ewes (Swanson et al., 2008) . Although our data did not reach significance, we did see a numerical increase in the comfort factor of wool from the side of lambs born to ewes in the RES and OVR treatments compared with ewes in the CON treatment. In this case, birth weight may be the best predictor of wool quality.
Previously published data suggested that both maternal nutrition during pregnancy and nutrition of the lamb through growth and development can affect the development of the wool follicle. These changes in wool follicle development can have lasting effects on lifetime production of wool. Short (1955) reported that at 200 d of age, lambs born from undernourished ewes during pregnancy produced the same amount of clean wool, but it was 2.2 μm larger in diameter compared with adequately nourished ewes, negatively affecting the value of the wool. Schinckel and Short (1961) and Everitt (1967) found that lambs born from undernourished ewes, compared with adequately nourished ewes, produced 9% less total wool up to 3 yr of age. Although we do not specifically know how much wool production our lambs would have achieved over time, our data showed no changes in pelt weight at 180 d of age as a result of changes in maternal plane of nutrition. Perhaps this can be explained by providing adequate nutrition throughout life, because these lambs were never nourished by their dams postnatally. We have previously demonstrated that maternal nutritional plane and Se status can influence colostrum and milk quantity and quality (Swanson et al., 2008; . Because most of the secondary follicle maturation takes place during the first 3 wk after birth (Short, 1955; Hardy and Lyne, 1956 ), we may have provided adequate nutrition through our artificial rearing. Although we did not see altered primary or secondary follicle numbers, the ratio of secondary:primary follicles favored the lambs from ASe ewes compared with those from HSe ewes. This information is novel and the mechanism for this is unknown. Perhaps increased concentrations of circulating Se in the offspring reduced the cellular proliferation of the secondary follicles, which has been observed in other tissue types (Tapiero et al., 2003; Carlson et al., 2009; Lekatz et al., 2010) .
Despite a similar postnatal diet, maternal nutrition during pregnancy appears to alter several wool quality measures, but not pelt weight, at 6 mo of age. Future studies are required to know the effects of maternal Se status and nutritional intake on the lifetime wool production of their offspring. To our knowledge, these are the first data to support maternal Se status, which may also be an important contributor for offspring wool quality later in life. The mechanism for Se action in this regard is still unknown. Least squares means ± SEM within a measure with unlike letters (a, b) differ (P < 0.05).
